The paper elucidates the physical basis of experimental results on superluminal signal velocity. It will be made plausible that superluminal signals do not violate the principle of causality but they can shorten the vacuum time span between cause and effect. The causal behaviour is based on the property that a physical signal has a finite duration as a result of its frequency band limitation.
Introduction
At the end of the 19th century Rayleigh considered the group velocity to correspond to the velocity of energy or of signal transmission in vacuum. Later this raised difficulties in the relativistic theory of dispersive media. The problem was resolved by Sommerfeld and Brillouin in the case of waves with real wave numbers [1] . However, it was not tackled for media with purely imaginary wave numbers [2] . Many textbooks and review articles deny the possibility of superluminal energy or signal velocities, see for instance Refs. [3--5, 6] .
In a recently published textbook on Relativity, Groups, Particles, a chapter is devoted to signal velocities faster than light [7] . The authors conclude that superluminal group velocities may have been measured, but state that the initial packet gets completely deformed and unsuitable for perfect signal transmission during the course of propagation due to the vastly differing phase velocities of its various frequency components. The authors claim that a signal velocity never can exceed the vacuum velocity of light. Allegedly this has been proven by Einstein studying the light propagation in vacuum about a hundred years ago [8] .
The above cited statement vastly differing phase velocities . . . is incorrect in the case of photonic tunnelling since evanescent modes have a purely imaginary wave number and do not experience a phase change [9--12] . The classical evanescent modes represent the quantum mechanical photonic tunnelling process [13, 14] . The outstanding property of the tunnelling process, i.e. the lack of a phase shift inside a barrier, can result in a superluminal signal velocity. Figure 1 shows a measured Gaussian pulse-like frequency-band-limited signal, which travelled with a group velocity faster than c, the velocity of light in vacuum, without being completely deformed. There were also negative signal velocities measured at frequencies near the resonance of an electronic transition [16, 17] . Again the signals did not experience a massive deformation. In the case of tunnelling the refractive index in charge of the group velocity is purely imaginary, whereas in the case of resonant interaction the refractive index is negative.
Obviously superluminal signal velocities do exist. As an example of superluminal signal transmission the tunnelling process is discussed here. Such electromagnetic waves with a purely imaginary wave number play an important role in microwave technology, in modern optics, and in optoelectronics and they are useful for studying experimentally the tunnelling process. Three prominent photonic tunnelling barriers are presented in Fig. 2 . They are based on different mechanisms but all of them are characterized by a purely imaginary wave number. (1) (2) Fig. 1 Intensity vs time of a microwave pulse (2) which has tunnelled an undersized waveguide barrier of 114.2 mm length with superluminal velocity. The tunnelled signal is for comparison normalized with a pulse (1) which propagated through a normal waveguide. The tunnelled signal travelled at a speed of 4:7c and was measured 0.5 ns earlier than the guided one [15] . The tunnelled microwave pulse contained about 10 9 photons. b a c Fig. 2 Sketch of the three prominent photonic barriers. a) illustrates an undersized wave-guide (the central part of the waveguide has a cross-section being smaller than half the wavelength in both directions perpendicular to propagation), b) a photonic lattice (periodic dielectric hetero structure), and c) the frustrated total internal reflection of a double prism where total reflection takes place in the gap at the boundary from a denser to a rarer dielectric medium.
A signal is thought to cause a defined effect. Basically phonons, photons, and electrons are exploited to mediate interaction or to transmit bits, words, or any desired signal to induce requested effects. The signal front or the discontinuous beginning of a signal is mathematical quantity defined only in the case of an infinite frequency spectrum. However, a physical transmitter produces signals of finite spectra only. In Ref. [18] it is claimed that frequency band limitation is of course a technical and not a fundamental limitation. This statement is not correct since frequencyband-limitation is a fundamental physical limitation as was discussed in Refs. [10, 12, 19, 20] . A front of a signal has no physical meaning. Only the complete envelope as defined and discussed in Ref. [21] , for instance, is the appropriate signal description. Moreover a single photon has no front and it interacts with its center of mass. The latter corresponds to the collapse of the wave function.
Examples of signals are displayed in Figs. 1 and 3. In general a signal is presented by wave packets with a mean momentum p 0 ¼ hk 0 , corresponding to its carrier frequency n 0 , and its frequency and amplitude modulation of half width Dp. This becomes obvious, for instance, in modern digital optoelectronic communication systems where measuring the signal's half width gives the number of digits, as displayed in Fig. 3 . A signal is not described by an analytical function, otherwise the complete information would be contained in the forward tail of a signal. In the latter case a detector could recognize from the forward tail or any arbitrary part of the signal the rest of the shape of the signal [23] . In the following we repeat the definitions of velocities, which are presented extensively elsewhere as, e.g., in Refs. [9, 14, 21, 24] ,
Signal velocity
where w and k are the angular frequency and the wave number, respectively. For the problem of signal transmission the following terms are used to describe the delay of the various parts of a signal envelope. The delay times have been analyzed, for instance, in the textbook on Fourier Transform by Papoulis [21] :
Group time delay t g ðwÞ ¼ djðwÞ=dw ;
Front time delay t fr ðwÞ ¼ lim
where j is the phase of the wave. The frequency band AðwÞ, the phase angle jðwÞ, and the delay times are illustrated in Fig. 4 . If jðwÞ does not tend to a straight line as w tends to infinity, then the term front time delay of Eq. (6) has no meaning [21] . This behaviour takes place in the case of frequency band limited signals in any medium moreover in the case of tunnelling, where the wave number is imaginary and thus the angle j ¼ kz does not depend on the length z. (Obviously tunnelling represents a non-local process.) If the signal is frequency band limited, a distortion of the envelope due to the medium's dispersion can be avoided. In this case the delay of the signal envelope is assumed to equal the delay of the center of gravity [21] . 6), see Ref. [21] . w 0 AE W is the frequency-band width around the center frequency w 0 .
The classical forerunners propagating with c [2, 24] don't exist in the case of a tunnelling signal containing evanescent modes only, since for all signal components t g = 0 holds and t fr is not defined Eqs. (4) and (6) .
Superluminal signals
Since Helmholtz and Schrö dinger equations are mathematically analogous, the three kinds of photonic barriers displayed in Fig. 2 can be used to model the onedimensional process of wave mechanical tunnelling [13, 14] .
Some superluminal tunnelling data obtained with the historical double-prism experiment will be presented in the following [25, 26] . This sophisticated experiment elucidates the time behaviour of the tunnelling process [27] . Figure 5 indicates that for an angle of incidence greater than the angle of total reflection, the barrier transmission time of the double-prism, or what we call the tunnelling time, can be split into two components
one along the surface due to the Goos-Hä nchen shift D, and another part perpendicular to the surface [25, 27] . The measured tunnelling time t tunnel represents the group time delay which results in the group or signal velocity. The first component of t tunnel is related to a non-evanescent wave characterized by the real wavenumber
while the second one
is related to the evanescent mode traversing the gap between the two prisms, where k 0 ¼ 2p=l 0 holds, l 0 is the corresponding vacuum wavelength, and n 1 the refractive index of both prisms. Details of the experiment are given in [25] .
In the symmetrical design of the experiment displayed in Fig. 5 , it could be verified that the reflected and tunnelled signal leave the left and the right prisms at the G. Nimtz The tunnelling time of the double-prism experiment consists of two components. t k for the Goos-Hä nchen shift D parallel to the prism's surface and t ? for crossing the gap in the direction perpendicular to the two surfaces of the gap. The total reflection presented here is often called frustrated total internal reflection considering the reflection loss due to the tunnelling process. same time. This result represents an experimental proof that for the tunnelling time component t ? = 0 holds. The result is in agreement with the observations on other photonic tunnelling structures: The small measured tunnelling time originates from the barrier's entrance boundary and no time is spent inside the barrier [2, 25, 27] .
A couple of months after the discovery of superluminal tunnelling of microwave signals [28] , a study on superluminal group velocity of single optical photons in tunnelling a photonic barrier was published [29] . The group velocity v g ¼ c=ðnðnÞ þ n dnðnÞ=dnÞ of the investigated black box (i.e. the tunnelling barrier) has been determined. Sending signals containing billions of optical photons analogous to the microwave signals, the black box would result in the same superluminal group velocity as in the single photon experiment. Incidentally, the same experimental set-up was used to measure with single photons the group velocity of a sample of bulk glass in the black box [30] . In both in the microwave and in the single photon experiments the group velocity has been measured with a detector located in free space. This experimental set-up implies that the measured group velocity equals the signal velocity.
Does a superluminal signal violate the principle of causality?
Photonic tunnelling experiments have revealed superluminal signal velocities. Signals like those presented in Fig. 3 have tunnelled at a speed faster than the vacuum velocity of light. According to many textbooks and review articles, a superluminal signal velocity violates Einstein causality implying that cause and effect can be interchanged and time machines known from science fiction could be constructed [4, 7] . The line of arguments of how to manipulate the past in the case of superluminal signal velocities is illustrated in Fig. 6 [3--5, 7, 38] . There are displayed two frames of reference. In the first one at the time t ¼ 0 lottery numbers are presented, whereas at t ¼ À0:5 s the counters were closed. Mary (A) sends the lottery numbers to her friend Susan (B) with a signal velocity of 4c. Susan, moving in the second inertial system at a relative speed of 0.75c, sends the numbers back at a speed of 2c, which arrives in the first system at t ¼ À1 s, thus in time to deliver the correct lottery numbers before the counters close at t ¼ À0:5 s.
The time shift of a point on the time axis of reference system A into the past is given by the relation [4, 31] ,
where L is the transmission length of the signal, v r is the velocity between the two inertial systems A and B. The condition for the change of chronological order is t A < 0, the time shift between the systems A and B. This interpretation assumes, however, a signal to be a point in the time dimension neglecting its finite duration.
In the experiment displayed in Fig. 1 , the signal travelled at a superluminal velocity with 4:7c [15] . Nevertheless, the principle of causality has not been violated, also it was not violated in the experiments in which even negative group velocities have been measured [16, 17] . In the example with the lottery data, the signal was assumed to be a point on the time coordinate. However, a physical signal has a finite duration like the pulses sketched along the time axis in Fig. 7 .
From Shannon's sampling theorem follows that the product of frequency band width and time extension yields the content of information of a signal [19] . Taking into consideration the dispersion relations of tunnelling barriers and other media with a regime of a refractive index which results in superluminal group velocities, the frequency band has to be narrow in order to avoid a signal reshaping.
The signal half width presented in Fig. 1 has a length of 2 ns. In the experiments with the negative velocities, the signal length was even much longer, for instance in [17] the signals half width was 3700 ns and the negative time shift resulting in a negative velocity was only about 62 ns. Any signal like a bit, a word or a sentence has a finite extension on the time coordinate. Assuming in our example a signal's finite duration of 4 s the complete information is obtained with superluminal velocity but only at 3 s positive time under the assumptions illustrated in Fig. 7 . The finite duration of a signal is the reason that a superluminal velocity does not violate the principle of causality. A shorter signal with the same information content would have an equivalently broader frequency band width. In this case as a result of the dispersion relations of tunnelling barriers or of any other interaction a signal reshaping would take place.
Summing up
Photonic tunnelling shows some amazing properties which we are not used to from classical physics. Photonic tunnelling is traceable through barriers of thousands of wavelengths; the photons do not spend time in the barrier. The latter is an experimental result due to the fact that the transmission time is independent of the barrier length in agreement with quantum mechanical calculations (Hartman effect [32--35] ). Another proof of the zero-time behaviour of a barrier is observed in the case of symmetrical frustrated total internal reflection, where the reflected and the transmitted signal have the same delay time [25] . Thus the time spent inside the barrier must be zero. The measured finite transmission time comes into existence at the entrance boundary of the photonic barriers. Apparently tunnelling is realized by non-local fields and is represented by virtual photons [36--39] .
In conclusion, the principle of causality has not been violated by superluminal signals as a result of the finite signal duration and the corresponding narrow frequency-band width. But, amazingly enough, the time span between cause and effect is reduced by a superluminal signal velocity compared with the time span in the case of light propagation from cause to effect.
